INTRODUCTION
try feed has helped control this disease in commercial production settings (Van Immerseel et al., 2004) . However, with decreased antimicrobial usage and consumer preferences for medication-free production systems, the incidence of NE has significantly increased over the last few years (Williams, 2005) .
Predisposing factors for NE development are extremely important, given that C. perfringens is a naturally occurring bacterium in the intestinal tract of poultry. Several factors have been identified that influence the onset of NE including coccidiosis (Williams, 2005) , dietary CP level and source (Drew et al., 2004; Palliyeguru et al., 2010) , and high dietary Ca (Titball et al., 1999) . These factors usually favor disease onset by changing the intestinal environment to promote clostridial growth. However, the mechanism by which Ca favors C. perfringens is unknown. It is believed that excess Ca may increase intestinal pH (Selle et al., 2009; Walk et al., 2012) , which may promote C. perfringens growth in a more neutral environment (Wages and opengart, 2003; Williams, 2005) . Additionally, Ca is required for the synthesis and activity of the α-toxin and excess dietary Ca may exacerbate damage to the intestinal lining (Titball et al., 1999) during NE.
The most recent published guidelines for nutrient requirements for poultry (NRC, 1994) suggest that the Ca requirement for growing broilers is 1.0% from d 0 to 21, 0.9% from d 21 to 42, and 0.8% from d 42 to 56. However, the experiments used to determine Ca requirement for broilers were not conducted with the supplementation of phytase in the diet (NRC, 1994) . In the intestinal lumen, Ca must be soluble to be absorbed. Phytate can precipitate with Ca, particularly at conditions within the small intestine, creating insoluble Ca-phytate complexes (Tamim et al., 2004; Selle et al., 2009) . To minimize the detrimental effects of phytate, phytases have been used by poultry nutritionists since 1991 to formulate diets for broilers (Bedford, 2003) . Phytase is a phosphatase that hydrolyzes the phosphate groups from the inositol ring of phytate (Tamim et al., 2004) . As phytase hydrolyzes phytate, it increases nutrient availability and digestibility, which results in improved bird performance (Cowieson et al., 2006) . In addition, phytase may allow for reductions in dietary Ca without negatively affecting growth performance. For example, Sebastian et al. (1996) were one of the first groups to challenge the NRC (1994) recommended Ca levels in diets supplemented with phytase. In their study, efficacy of supplemental phytase was significantly affected by dietary Ca levels, and the optimal growth performance and retention of P and Ca was achieved at the lowest level of dietary Ca tested (0.6% total Ca). Similar performance benefits were observed by several other authors when diets were formulated with lower levels of Ca (Tamim et al., 2004; Selle et al., 2009; Powell et al., 2011) .
Research to understand risk factors, pathogenesis, prevention, and control of NE has been hindered by the necessity to induce NE infection artificially through challenge models, often with manipulations of diet and other factors, which make results of limited applicability to the industry. For the past 6 yr, our laboratory has been able evaluate naturally occurring NE, without dietary or challenge manipulations, in our bird rearing facilities. Broilers on nonmedicated diets with no administered challenge or dietary manipulation have a C. perfringens associated natural outbreak of NE with mortality ranging from 10 to 40%. The NE is repeatable and consistent between pens and timing of appearance in the flock. With more implementation of medication-free diets in commercial poultry production, understanding the effect of nutrient levels and enzymes on intestinal integrity and performance during common disease challenges, such as NE, is becoming increasingly important. Considering the reported improved performance with lower Ca levels and the proposed involvement of Ca in NE pathogenesis, this experiment was designed to evaluate the effects of dietary Ca, P, and phytase levels on broiler performance, gastrointestinal morphology, mineral digestibility, and bone mineralization during naturally occurring NE in our facilities.
MATERIALS AND METHODS

Birds and Bird Husbandry
Experimental protocols were approved by the Virginia Tech Institutional Animal Care and Use Committee. Cobb 500 male broilers (n = 2,304) were acquired from a commercial hatchery and placed on used litter from a previous flock that had presented clinical signs of NE and had confirmation of NE by necropsy. Prior to the start of this trial, litter was removed from each pen and mixed together. Mixed litter was equally distributed to pens, and fresh pine shavings were layered on top. At day of hatch, birds were randomized, weighed by pen, and placed into floor pens relative to the different treatment groups from d 0 to 35. Feed and water were administered ad libitum throughout the study. The birds were housed in an environmentally controlled building with negative pressure ventilation and a lighting program recommended for Cobb 500 broilers.
Experimental Diets
Diets were formulated to meet or exceed NRC (1994) recommended nutrient levels, with the exception of Ca and P. Experimental design constituted of a 2 × 2 × 2 factorial arrangement with 2 total Ca levels (0.9% or 0.6%), 2 levels of available P (avP; 0.45% or 0.3%), and 2 levels of phytase (0 or 1,000 FTU/kg), where 1 unit of phytase (FTU) is defined as the quantity of enzyme that releases 1 μmol of inorganic phosphorus/ min from 0.00015 mol/L of sodium phytate at pH 5.5 at 37°C. Each dietary treatment was replicated by 9 pens (n = 32 birds per pen). The phytase used was an Escherichia coli 6-phytase expressed in Trichoderma reesei with an expected activity of 5,000 FTU/g (Quan-tum Blue, AB Vista Feed Ingredients, Marlborough, UK). Calcium was supplemented in the diets as a combination of dicalcium phosphate and a highly soluble calcified marine seaweed (Vistacal, AB Vista Feed Ingredients). Diets were analyzed for Ca, total P, and recovered phytase activity, and results were comparable to formulated diets ( 
Intestinal Morphology
on d 12, 19, and 35, tissue samples from the duodenum, jejunum, and ileum from 1 bird per pen (n = 9 per treatment) were collected for villus height (VH) and crypt depth (CD) measurement as previously described (Morris et al., 2004) . Intestinal segments of approximately 2.0 cm were gently flushed using PBS and fixed in 10% neutral buffered formalin. Each intestinal segment was cut into 5 pieces, stored in 70% ethanol, processed, embedded in paraffin, and mounted on slides. Slides were then stained using hematoxylineosin (Luna, 1968) . A total of 3 cross-sections per slide and 4 measurements per cross-section were evaluated to obtain an average measurement per bird for VH and CD. Cross-sections were evaluated using a bright-field microscope, and measurements were made using NISElements 3.0 software (Nikon Instruments Inc., Melville, NY).
Calcium and Phosphorus Digestibility
on d 12 (n = 6 birds/pen), 19 (n = 5 birds/pen), and 35 (n = 5 birds/pen), birds were killed by cervical dislocation, and ileal digesta (Meckel's diverticulum to the ileal cecal junction) was sampled, pooled per pen, and frozen at −80°C. Frozen digesta samples were freeze-dried and ground (1-mm screen) before mineral analysis. Diet and digesta samples were wet ashed using nitric and perchloric acids. Phosphorus was determined by the alkalimeter ammonium molybdate method, and color intensity was read using a spectrophotometer measuring absorbance at 410 nm (method 946.06, AoAC International, 2000) . Calcium was determined using flame atomic absorption spectroscopy (method 968.08, AoAC International, 2000) . Titanium oxide (Tio 2 ) was added to the experimental diets as an indigestible marker and was determined using a colorimetric method previously described by Short et al. (1996) . All samples (Ca, P, and Tio 2 ) were assayed in duplicates. Calcium and P apparent ileal digestibility (AID) was calculated using the following equation:
Bone Ash on d 12, 19, and 35, left tibias from 3 birds/pen were collected and kept frozen (−20°C) with flesh intact until further analysis. Before analysis, bones were cleaned of all adherent tissue, wrapped in cheese-cloth, and dried at 100°C for 24 h. Using a Soxhlet extraction apparatus, fat was extracted from bones for 48 h in ethyl ether. Fat-extracted tibias were oven-dried at 100°C for 24 h, and then ashed at 600°C in a muffle furnace for 24 h for bone ash determination (weight and percentage). pH on d 12, 19, and 35, 2 birds/pen of average BW were killed to obtain measurements of pH from the gizzard, duodenum, and jejunum. Following cervical dislocation, pH measurements were obtained directly from the digesta contents in the lumen using a digital pH meter (Mettler-Toledo, Columbus, oH) and spear-tip electrode (Sensorex, Garden Grove, CA). The pH values from each gastrointestinal section/bird were then pooled to obtain a mean pH value/pen.
Statistical Analysis
Data were analyzed as a 2 × 2 × 2 factorial using the fit model platform in JMP 9.0 (SAS Institute Inc., Cary, NC) and means were separated using Tukey's honesty significant difference test. Pen served as the experimental unit for performance measurements, nutrient digestibility, and gastrointestinal pH, and bird was the experimental unit for histological measurements. Data were analyzed for main effects (Ca, P, and phytase) and for the interaction of main effects. Statistical significance was accepted at P < 0.05. The P-values of mortality data are reported as squared arcsine transformed percent mortality data.
RESULTS
Performance
The flock first presented clinical signs of NE on d 9, and the NE associated mortality (confirmed by necropsy) persisted until d 26. Broilers fed diets supplemented with phytase had significantly higher mortality than broilers fed diets not supplemented with phytase for all periods (Table 2 ). In addition, birds fed diets containing industry standard levels of Ca (0.9%) had significantly higher mortality than birds fed lower levels of Ca (0.6%) from d 0 to 19 and d 0 to 35 (Table 2) . Mortality was not influenced by dietary levels of P, regardless of feeding period, and no interactions were seen.
A 3-way interaction (Ca × P × phytase) occurred for BWG from d 0 to 12 (Table 3) . There was no difference in BWG when birds were fed 0.45% avP with or without phytase, regardless of Ca level. However, when diets were formulated with 0.3% avP, supplementation with phytase significantly improved BWG compared with diets without phytase (Table 3) . Additionally, diets with 0.9% Ca, 0.45% avP, and phytase significantly improved BWG compared with those with 0.6% Ca, 0.45% avP, and phytase, whereas responses were similar across Ca levels with all other treatments (Table 3) . No differences in BWG were observed from d 0 to 19 or d 0 to 35 (data not shown). Responses in BW corresponded to the BWG differences for each period (data not shown).
A 2-way interaction (Ca × P) was observed for FI from d 0 to 12 and d 0 to 19 (Table 3 ). In these feeding periods, when broilers were fed 0.9% Ca diets, P was a limiting nutrient for FI. The same effect was not observed for broilers fed 0.6% Ca diets, whereas no differences in FI were observed between broilers fed 0.3 or 0.45% avP in the diet. Phytase had no effect on FI for the different feeding periods, and no differences in FI related were observed from d 0 to 35 (data not shown).
A 2-way interaction between Ca and P occurred for FC from d 0 to 19 (Table 3) . When birds were fed A,B Means within a column lacking a common superscript are significantly different from each other (P < 0.05).
1 one unit of phytase (FTU) is defined as the quantity of enzyme that releases 1 μmol of inorganic phosphorus/min from 0.00015 mol/L of sodium phytate at pH 5.5 at 37° C.
2755
CALCIUM PHoSPHoRUS PHYTASE RoLE IN NECRoTIC ENTERITIS 0.6% Ca diets, FC was similar regardless of P levels (0.3 or 0.45%); however, when birds were fed 0.9% Ca diets, broilers fed 0.3% avP were significantly more efficient at FC than those fed 0.45% avP. 
Histology
Duodenum. on d 12 and 35, VH to CD ratio (VCR) was influenced by a Ca × P interaction (Table 4) . Broilers fed 0.6% Ca and 0.45% avP diets had significantly greater VCR compared with those fed 0.9% Ca diets. Additionally on d 35, the 0.6% Ca, and 0.45% avP diets resulted in a significant increase in VCR compared with the 0.6% Ca and 0.3% avP diets. A 3-way interaction of Ca, P, and phytase influenced VCR on d 19 (Table 4) . Villi height to CD ratio was similar between the 0.6% and 0.9% Ca diets, with the exception of the birds fed 0.6% Ca, 0.3% avP with phytase and 0.6% Ca, 0.45% avP without phytase, which had significantly higher VCR than those respective P and phytase groups fed 0.9% Ca.
Jejunum. on d 12, no significant differences in VCR in the jejunum were observed among the different treatments (Table 4) . However, on d 19, a 3-way interaction between Ca, P, and phytase influenced VCR. The VCR was similar between P levels with or without phytase within the dietary Ca levels, with the exception of a difference between birds fed 0.6% Ca and 0.3% avP where phytase inclusion resulted in a larger VCR as compared with no phytase inclusion (Table 4) . on d 35, only the main effect of Ca level influenced VCR; broilers fed 0.6% Ca diets had greater VCR than broilers fed 0.9% Ca diets (data not shown).
Ileum. A Ca × P interaction significantly influenced VCR on d 19 (Table 4 ). In broilers fed 0.3% P in the diet, Ca levels did not influence VCR; however, when broilers were fed 0.45% avP, 0.6% Ca resulted in increased VCR compared with 0.9% Ca. on d 35, the main effect of dietary levels of P or phytase supplementation had a significant effect on VCR. Broilers fed 0.45% avP had significantly greater VCR than broilers fed 0.3% avP in the diet, and broilers fed diets supplemented with phytase had significantly greater VCR than those fed diets not supplemented with phytase (data not shown).
Ca and P Digestibility
on all 3 sampling days, phytase supplementation in 0.6% Ca diets significantly improved P digestibility regardless of P levels in the diet when compared with the diets not supplemented with phytase (Table 5) . However, when diets were formulated with 0.9% Ca, improvements from phytase supplementation were not as consistent. on d 12, phytase supplementation had no effect on P digestibility in diets with 0.9% Ca and 0.45% avP. on d 19 and 35, no differences in P digestibility were seen with phytase supplementation in broilers fed diets with 0.9% Ca and 0.3% avP, but phytase did improve P digestibility when supplementing diets with 0.9% Ca and 0.45% avP.
on d 12, an interaction of P and phytase influenced Ca digestibility. Phytase supplementation to 0.3% avP diets significantly improved Ca digestibility, but an improvement was not seen in diets with 0.45% avP with phytase supplementation (Table 6 ). Additionally, on d 12 and 19, a Ca and phytase interaction influenced Ca digestibility. on both days, Ca digestibility was sig- nificantly lower when broilers were fed 0.6% Ca diets without phytase compared with those with phytase. In contrast, phytase supplementation did not improve Ca digestibility when broilers were fed 0.9% Ca. on d 35, a 3-way interaction (Ca, P, and phytase) influenced Ca digestibility (Table 6 ). When birds were fed 0.6% Ca diets, phytase supplementation resulted in significantly higher Ca digestibility when diets contained 0.3% avP, but phytase supplementation did not result in any difference when diets were formulated with 0.45% avP. In contrast, when diets were formulated with 0.9% Ca, phytase supplementation significantly improved Ca digestibility with the 0.45% avP diets, but not with the 0.3% avP diets.
Tibia Ash
on d 35, tibia ash percentage was significantly influenced by dietary levels of Ca with 0.9% Ca in the diet resulting in significantly greater tibia ash weight than 0.6% Ca in the diet (Figure 1 ). In addition, dietary levels of P significantly influenced tibia ash on d 35. When birds were 0.45% avP, tibia ash was significantly greater than when birds were fed 0.30% avP ( Figure  1) . A significant increase in tibia ash percentage was also observed when birds were fed diets supplemented with phytase when compared with birds fed diets not supplemented with phytase (Figure 1 ).
pH
The jejunum of birds fed 0.6% Ca diets were significantly more acidic on d 12 and 35 than the jejunum of birds fed 0.9% Ca diets (Figure 2) . Phosphorus or phytase had no effect on jejunal pH regardless of sampling day. The gizzards of broilers fed 0.6% Ca diets were significantly more acidic than those of broilers fed 0.9% Ca on d 19, and phytase supplementation increased gizzard pH (data not shown). Phosphorus had no effect on gizzard pH, regardless of sampling day. Dietary Ca, P, and phytase had no effect on duodenal pH regardless of sampling day (data not shown).
DISCUSSION
Dietary Ca or phytase had a significant effect on mortality due to NE. This Ca effect on mortality due to NE is consistent with previous results reported by our laboratory (Paiva et al., 2013) . Dietary Ca levels may be affecting mortality by 2 different mechanisms. The first mechanism is that Ca levels may affect intestinal pH, especially jejunal pH. In this study, on d 12 and 35, feeding broilers 0.9% Ca diets increased jejunal pH. This response was not seen on d 19, but this time point was when the most NE-related intestinal impairment was occurring, which could have greatly affected the environment in the jejunum. Previous research showed that increasing dietary levels of Ca in the diet significantly increased small intestine pH (Shafey et al., 1991; Walk et al., 2012) . This increase in pH due to Ca supplementation likely creates a more favorable environment for clostridial growth (Williams, 2005) .
The second mechanism by which dietary Ca levels may contribute to NE development relates to α-toxin and netB synthesis and activity. Alpha-toxin is a phospholipase C sphingomyelinase that is mineral dependent. The catalytic site of the α-helical amino-terminal portion of α-toxin is zinc dependent (Guillouard et al., 1997) . However, the β-sandwich carboxy-terminal portion is homologous to eukaryotic C2 domains, which are involved in membrane interaction and phospholipid binding through a Ca-dependent mechanism (Guillouard et al., 1997; Petit et al., 1999) . Possibly, birds fed 0.9% Ca had increased mortality as a result of an increased activity of α-toxin. NetB activity may also be influenced by Ca levels. NetB causes cell lysis by creating pores in the cell membrane, resulting in an influx of Ca ions to the cytoplasm (Keyburn et al., 2010) . In addition to promoting cell lysis through an osmotic imbalance, the Ca influx caused by netB may also lead to a special type of programmed cell death. A-D Means within a column lacking a common superscript are significantly different from each other (P < 0.05). 1 one unit of phytase (FTU) is defined as the quantity of enzyme that releases 1 μmol of inorganic phosphorus/ min from 0.00015 mol/L of sodium phytate at pH 5.5 at 37° C. A-C Means within a column lacking a common superscript are significantly different from each other (P < 0.05). 1 one unit of phytase (FTU) is defined as the quantity of enzyme that releases 1 μmol of inorganic phosphorus/ min from 0.00015 mol/L of sodium phytate at pH 5.5 at 37° C. Kennedy et al. (2009) reported that the pore-forming α-toxin of Clostridium septicum creates Ca permeable pores, which increase intracellular Ca. The Ca influx did not induce apoptosis but instead induced a cascade of events consistent with programmed necrosis because it was associated with calpain activation and release of cathepsins from lysosomes. In addition, they also observed deregulation of mitochondrial activity leading to an increase in reactive oxygen species and dramatically decreasing ATP levels (Kennedy et al., 2009) . These findings strongly suggest that cellular death from poreforming toxins is related to a programmed cellular necrosis.
Morphology of the small intestine can be used as an indicator of intestinal health and integrity. Greater VCR is usually associated with improved intestinal 
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CALCIUM PHoSPHoRUS PHYTASE RoLE IN NECRoTIC ENTERITIS function because VCR can be directly correlated with the balance of VH and CD. Longer villi are an indication of greater surface area and greater absorptive capacity, with more mature enterocytes on the villus tips (Caspary, 1992) . In contrast, shorter villi tend to indicate poor nutrient absorption and digestion due to a decrease in the absorptive area and less mature enterocytes (Xu et al., 2003) . Crypt depth can be associated with cellular turnover, which is likely in response to epithelial cell destruction, inflammation, and sloughing (Yason et al., 1987; Rose et al., 1992; Morris et al., 2004) . Therefore, increases in VH and decreases in CD result in high VCR, which is an indicator that the bird has mature enterocytes at the villus tips, a balanced enterocyte migration and sloughing, and efficient function for absorption of the diet for growth. Reductions in VH and increases in CD, and consequently decreases in VCR, are observations consistent with NE outbreaks (Long et al., 1974) .
Histology data from this trial strongly support these mechanisms leading to a higher mortality associated with NE in broilers fed 0.9% Ca in the diet. Generally in this manuscript, higher levels of Ca in the intestinal lumen led to decreases in VH and VCR, and increases in CD, especially on d 19, which was the peak of NE outbreak. This suggests that higher levels of Ca in the intestinal lumen exacerbates the damage to the intestinal lining during NE episodes. The increase in Ca concentration is not only associated with higher dietary levels of Ca. Even when feeding broilers lower levels of Ca, an increase in the inflammatory response (supported by increased CD and decreased VH and VCR) was observed, which could have been related to phytase supplementation. In diets without phytase, Ca tends to bind to the phytate molecule (Tamim et al., 2004; Cowieson et al., 2006; Crea et al., 2008) . Birds cannot absorb phytate bound Ca, which means Ca-phytate complexes accumulate in the intestinal lumen, and consequently have a negative effect on intestinal morphology. The histology data also indicated that phytase supplementation might have a negative effect on intestinal morphology, but the negative effect may be indirect and dependent on the pathophysiological state of the bird. Exogenous phytases release nutrients from the phytate molecule regardless of the birds' health status. When the bird is healthy, nutrients released from the phytate molecule can be promptly digested and absorbed. However, when broilers' ability to digest and absorb nutrients is compromised, the nutrients released from the phytate molecule by phytase will be available to enteric pathogens (Langhout et al., 1999; Jackson et al., 2003; Choct, 2009 ). An increase in nutrient availability to these enteric pathogens will likely favor the colonization of the intestinal environment by undesirable microbial populations. Imbalance in the microbial population usually results in enteric disease, which is consistent with the histological findings from this study.
Increased mortality due to phytase supplementation was also likely secondary to an increase in nutrient availability for C. perfringens. Intestinal damage promoted by factors other than NE, such as coccidiosis, negatively influences the birds' ability to use nutrients making them available to be used by microorganisms in the gastrointestinal tract (including C. perfringens; Van Immerseel et al., 2004; Williams, 2005; Choct, 2009) . As previously described, once phytase releases nutrients from the phytate molecule, those nutrients not used by the bird become readily available to microorganisms in the intestines (Langhout et al., 1999; Timbermont et al., 2011) . This nutrient shuttle may promote unbalanced growth of C. perfringens, resulting in higher mortality due to NE in birds fed diets supplemented with phytase.
Differences in BWG were observed in the initial phase of the growout period. More important than the levels of Ca and P alone was the relationship between them. optimal BWG was obtained when the Ca:P ratio was maintained at 2:1, and as long as the Ca:P ratio (2:1) was respected there were no differences in BWG between birds fed lower levels of Ca and birds fed higher levels of Ca. Performance benefits of phytase supplementation have been reported by previous research (Ravindran et al., 1995; Selle et al., 2009; Rutherfurd et al., 2012) . The importance of phytase supplementation becomes more evident when lower levels of Ca and P are used in the diets. In this study, improvements in animal performance and nutrient digestibility consequent to feeding broilers 0.6% Ca were only observed when these diets were supplemented with phytase. Additionally, when broilers were fed 0.6% Ca diets not supplemented with phytase, the worst BWG and mineral digestibility were observed. Results from this trial also indicate that phytase supplementation is essential when using highly soluble Ca sources considering the natural NE occurrence. It is not surprising that after d 19 no differences in bird performance were observed. Necrotic enteritis causes extensive damage to intestinal mucosa, which results in birds that are unable to digest and absorb nutrients.
Phytase supplementation improved P digestibility. optimal P digestibility was observed when feeding birds 0.6% Ca in diets supplemented with phytase, regardless of P levels. The reduction in P digestibility observed when birds were fed 0.9% Ca was likely consequent to excess Ca binding to P and precipitating (Tamim et al., 2004) . Similar to P digestibility, phytase supplementation improved Ca digestibility. Improvements in Ca digestibility by phytase supplementation were more evident when lower levels of Ca and P were used in the diet. This probably results from the absence of excess mineral that would compensate for Ca and P bound to the phytate molecule. Results from this trial support the fact that phytase supplementation is especially important when feeding broilers low levels of Ca in the diet. The mechanisms involved in the improvement of Ca and P digestibility when feeding lower levels of Ca in the diet are related to mineral availability in the gastrointestinal system. When Ca and P precipitate,
